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Cyanobacteria are among the most diverse prokaryotic phyla, with
morphotypes ranging from unicellular to multicellular ﬁlamentous
forms, including those able to terminally (i.e., irreversibly) differ-
entiate in form and function. It has been suggested that cyano-
bacteria raised oxygen levels in the atmosphere around 2.45–2.32
billion y ago during the Great Oxidation Event (GOE), hence dra-
matically changing life on the planet. However, little is known
about the temporal evolution of cyanobacterial lineages, and pos-
sible interplay between the origin of multicellularity, diversiﬁca-
tion of cyanobacteria, and the rise of atmospheric oxygen. We
estimated divergence times of extant cyanobacterial lineages un-
der Bayesian relaxed clocks for a dataset of 16S rRNA sequences
representing the entire known diversity of this phylum. We tested
whether the evolution of multicellularity overlaps with the GOE, and
whether multicellularity is associated with signiﬁcant shifts in di-
versiﬁcation rates in cyanobacteria. Our results indicate an origin
of cyanobacteria before the rise of atmospheric oxygen. The evo-
lution of multicellular forms coincides with the onset of the GOE
and an increase in diversiﬁcation rates. These results suggest that
multicellularity could have played a key role in triggering cyano-
bacterial evolution around the GOE.
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Cyanobacteria are one of the morphologically most diversegroups of prokaryotic organisms. Growth forms range from
uni- to multicellular, and can include levels of reversible or ter-
minal (i.e., irreversible) cell differentiation. These diverse growth
strategies have enabled cyanobacteria to inhabit almost every
terrestrial and aquatic habitat on Earth. Cyanobacteria have
traditionally been classiﬁed into ﬁve subsections according to
their morphology (1, 2), where subsections I and II refer to uni-
cellular species and subsections III–V describe multicellular species.
Species belonging to subsections IV and V are able to produce
terminally differentiated cells. Despite the usefulness of these
subsections, molecular evidence shows that morphological and
genetic diversity do not always coincide. Molecular phylogenies
indicate that probably none of the ﬁve subsections is mono-
phyletic (3, 4), and several transitions between uni- and multi-
cellularity have taken place (5). According to the fossil record,
various distinct morphotypes attributed to cyanobacteria were
already present over 2 billion y ago (Bya) (6, 7). The phylum is
thought to have existed as early as 2.45–2.32 Bya, based on the
assumption that cyanobacteria were responsible for the accu-
mulation of atmospheric oxygen levels, referred to as the Great
Oxidation Event (GOE) (8–12). Despite the generally accepted
time-frame for the rise of cyanobacteria, surprisingly little is
known about when morphological innovations, such as multi-
cellularity, ﬁrst appeared. It is also unclear what inﬂuence, if any,
these innovations may have had on the diversiﬁcation of the
phylum. The assumed link between the rise of atmospheric ox-
ygen and cyanobacteria is also poorly understood: did the GOE
closely follow the ﬁrst appearance of cyanobacteria, or did it take
place considerably later, in possible association with morpho-
logical innovations of the phylum?
There have been previous attempts to estimate the origin of
cyanobacteria and their morphotypes (13–16). However, it is
likely that a biased taxonomic choice, especially missing early
branches of the cyanobacterial phylogeny, may have led to in-
complete conclusions (17, 18). Phylogenetic evidence indicates
that multicellularity evolved very early in the history of cyano-
bacteria, challenging the view that multicellularity is a derived
condition in the phylum (5). Nonetheless, important questions
remain: (i) When did cyanobacteria and their major clades
evolve? (ii) When did multicellularity ﬁrst appear? (iii) How are
these transitions associated with the GOE around 2.45–2.32 Bya?
The far-reaching impact of the GOE cannot be emphasized
enough: it changed Earth’s history by enabling the evolution of
aerobic life. Unlike other eubacterial phyla, cyanobacteria ex-
hibit a well-studied fossil record (6, 7, 19, 20). However, fossil
data are often limited and present only minimum age estimates
of clades. Therefore, a combination of fossil data with molecular
phylogenetic methods has been advocated (21–23). The use of
carefully selected calibration priors for molecular-dating analyses
can provide new insights into the temporal evolution of cyano-
bacteria and the early history of life. Presently, available genome
data for cyanobacteria are biased toward unicellular taxa and do
not sufﬁciently represent the known diversity of this phylum.
Therefore, we reconstructed phylogenetic trees on the basis of
16S rRNA sequences, which have been carefully sampled based
on phylogenetic disparity as described previously (5). We further
estimated divergence times of cyanobacteria, and addressed
different interpretations of the fossil record as calibration priors.
We then evaluated whether the GOE coincided with the de-
velopment of major cyanobacterial morphotypes present today.
Finally, we tested for shifts in diversiﬁcation rates, incorporating
information on 281 species and 4,194 strains. Our results support
theories of an early cyanobacterial origin toward the end of the
Archean Eon, before 2.5 Bya. Evolution of multicellularity co-
incided with the onset of the GOE, and corresponded to a
marked increase of diversiﬁcation in cyanobacteria.
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Results
Phylogenetic Analyses. To infer the early evolution of cyanobac-
teria, we reconstructed Bayesian phylogenetic trees using 16S
rRNA sequence data. A phylogenomic approach would give
misleading results, because available cyanobacterial genome
sequences, to date, are heavily biased toward unicellular species.
Moreover, the few multicellular species that have been fully se-
quenced are phylogenetically closely related, and a comparison
of these species is unlikely to provide any information on the
ancient origin of multicellularity in cyanobacteria (17). In a
previous study (5), a phylogenetic tree of 1,220 cyanobacterial
sequences was reconstructed from which a subset of taxa was
sampled that represents the surveyed diversity of this phylum.
Here we used this subset plus one strain (G40) that represents
a potentially unique distinct species isolated by our group. Our
unconstrained phylogenetic results (Fig. S1) agree with previous
ﬁndings (3, 5, 15, 24, 25), which reject monophyly of several
morphological groups previously described (1, 2). Furthermore,
Gloeobacter violaceus is resolved as the sister group of all other
cyanobacteria. Three major groups can be distinguished (clades
E1, E2, and group AC) (Fig. 1, and Figs. S1 and S2), together
representing the majority of cyanobacterial taxa living today. All
groups have been deﬁned previously (5), with clades E1 and E2
(subclades of E) including species of all morphological sub-
sections. Species belonging to morphological subsections IV and
V occur solely in E1. The group AC contains unicellular marine
pico-phytoplankton (subsection I) as well as some undifferentiated
multicellular species (subsection III).
Divergence Time Estimation. Divergence times along the cyano-
bacterial phylogeny were estimated under Bayesian relaxed
molecular clocks using two different models of uncorrelated rate
evolution (26). A lognormal distribution of rates has been shown
to outperform a model with exponential rate distribution (26).
Therefore, our ﬁrst model assumed rates were lognormally dis-
tributed (uncorrelated lognormal, UCLN). Robustness of results
was tested with a second model assuming exponentially distrib-
uted rates (uncorrelated exponentially distributed, UCED) (SI
Text). For each clock model a set of eight different analyses were
performed to take a broad range of prior assumptions into ac-
count and evaluate their inﬂuence on the results (Table 1 and
Table S1). The Bayesian consensus tree of divergence-time
analysis 7 is presented in Fig. 1, including age estimates (95%
highest posterior densities, HPD) of important nodes as given by
2.5
Fig. 1. Time calibrated phylogeny of cyanobacteria displaying divergence time estimates. Bayesian consensus tree (analysis 7) based on 16S rRNA data with 95%
highest posterior densities of the discussed node ages shown as green bars (analyses 1, 3, 5, and 7 overlapping). Morphological features of taxa are marked by
colored boxes and listed in the inset. Full taxon names are displayed in Table S3. Branches with posterior probabilities >0.9 in all analyses are presented as thick
lines. Gray circles mark points used for calibration of the tree. Details of the prior age estimates used for calibration are presented in Table 1. A signiﬁcant increase
in diversiﬁcation rate (yellow triangle) [9.66-fold (average of all analyses)] can be detected at node 3 and a minor decrease (red triangle) at 33/34. The earlier shift
close to node 3 coincides with the origin of multicellularity. Schematic drawings of cyanobacterial fossils are provided under the timeline, with the ones used for
calibration of the tree marked in red. Our results indicate that multicellularity (green shade) originated before or at the beginning of the GOE.
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analyses 1, 3, 5, and 7 (Table 1). Median node ages (m~ ) are
shown in Fig. 2, and are provided with 95% HPD in Table 1
(discussed nodes) and Table S2 (all nodes). Although ages of
cyanobacterial nodes varied with respect to the analyses, our
major conclusions are robust to different calibration priors. All
analyses indicated that extant cyanobacteria originated before
the GOE (2.45 Bya). Multicellularity most likely originated along
the branch leading to node 3 (5). For this node, analyses sug-
gested a median age before or at the beginning of the GOE
(before 2.36 Bya) (Table 1 and Table S1). The ancestor of the
lineage leading to node 3 was also a calibration point in our
analyses (Table 1). Fig. 3 compares the implied prior probability
distributions of that calibration point to posterior probabilities of
node 3, hence assessing the extent to which our prior assump-
tions affected the outcome. Although the prior assumptions put
a higher probability on an age after the GOE around 2.2 Bya, our
data contained strong signals to counteract these priors and in-
dicate instead an older median node age for node 3, between
2.42–3.08 Bya (all analyses) (Fig. 3 and Table 1), which is before
the GOE. Furthermore, groups E1, E2, and AC are estimated to
have originated around the end of the GOE. These groups
comprise the majority of living cyanobacteria (91% of 281 spe-
cies and 88% of 4,194 strains).
Shifts in Diversiﬁcation Rates. To identify whether the GOE or
multicellularity might have inﬂuenced the net diversiﬁcation of
cyanobacteria, we tested whether diversiﬁcation rates have been
constant among cyanobacterial lineages. Because previous work
suggested that taxonomy of cyanobacteria needed revision (1),
we ran analyses incorporating information on both species (281)
and strains (4,194). Clades containing many species also contain
many strains (Table S3). Results from the diversiﬁcation rate
estimation showed similar patterns independent of whether
species numbers or strain numbers were used (Table S4). Two
signiﬁcant shifts in diversiﬁcation rates were detected. At node
3/4, where multicellularity evolved, the diversiﬁcation rate in-
creased on average 8.44-fold (SD = 1.76) for trees reconstructed
with a UCLN model and 5.24-fold (SD = 1.89) for trees recon-
structed with a UCED model (averaged over all analyses) (Table
S4). Subsequently, at node 33/34, the diversiﬁcation rate decreased
by a factor of 0.55 (SD = 0.19) for trees reconstructed with aTa
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Fig. 2. Median age estimates under eight analytical scenarios. Median age
estimates of clades (Table 1). The origin of cyanobacteria (node 1) and the
evolution of multicellularity (node 3) are estimated before or at the begin-
ning of the GOE. Relatively soon after the GOE, the stem lineages of the
three major cyanobacterial clades originated, containing unicellular cyano-
bacteria (node 6), terminally differentiated taxa (node 31), and marine
phycoplankton (node 43).
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UCLN model, and by a factor of 0.22 (SD = 0.13) for trees
reconstructed with a UCED model (Fig. 1 and Figs. S3–S6).
Discussion
Limitations of a Single Gene. The exchange of genetic material
across species boundaries poses a challenge for the inference of
evolutionary histories of living organisms (27–29). Phylogenetic
reconstructions incorporating multiple genes help to reduce the
danger to recover false signals from genes affected by horizontal
gene transfer (HGT) (30, 31). Nevertheless, although genome
data are accumulating, they do not nearly achieve the breadth of
microbial diversity represented by 16S rRNA (32). 16S rRNA
has been used as a reliable measure of phylogenetic relationship
because of its size and conservation (33, 34, 35). These facts, in
combination with a potentially smaller impact of HGT on ge-
nome evolution than commonly assumed, and even less on 16S
rRNA (32, 36, 37), support the usefulness of the small ribosomal
subunit for phylogenetic applications. Here we can neither ex-
clude nor prove the possibility of 16S rRNA being affected by
HGT between species. No cases have been found in support of
HGT for 16S rRNA between cyanobacterial genera. We rely on
16S rRNA sequences in this study because a genomic approach
would be biased toward unicellular taxa, would not cover the
complete known diversity of this phylum and, hence, fail to re-
construct the early evolution of cyanobacteria (17). Nevertheless,
we strongly encourage genome-sequencing projects that will help
to recover the diversity indicated by 16S rRNA and improve
reconstruction of a cyanobacterial phylogeny.
Evolution of Multicellularity and Possible Consequences. In prokar-
yotes simple forms of multicellularity occur in different phyla. In
Actino- and Myxobacteria, multicellular growth formed via cell
aggregation is part of their life cycle (38). In cyanobacteria, chlor-
oﬂexi, and some proteobacteria (e.g., Beggiatoa) multicellularity is in
a ﬁlamentous form. This result is achieved through cell division and
adhesion, which results in ﬁlament elongation (39). Requirements
for directed growth in ﬁlaments are cellular recognition of polarity
(40) and cellular communication. Filamentous cyanobacteria,
including simple forms like Pseudanabaena and Leptolyngbya, show
directional growth where the plane of cell division depicts a right
angle to the growth direction (1). In addition, intercellular com-
munication and resource exchange has been found in cyanobacteria
(41–43), providing an evolutionary basis for the division of labor and
terminal cell differentiation to evolve (44–46).
Our results suggest a concurrence of the origin of multicellu-
larity, the onset of the GOE, and an increased diversiﬁcation rate
of cyanobacteria; in addition, although their precise timing
cannot be fully ascertained, they can be linked by theoretical and
empirical lines of evidence. The transition to multicellularity
represents an important change in organismic complexity (47).
There are various advantages that multicellularity could confer
(39, 48). Among others, ﬁlamentous growth can improve motility
(49), and cooperation of cells may also increase ﬁtness because
of economies of scale. Experimental studies have shown that
multicellularity might evolve relatively fast given selective pres-
sure (50) and can provide metabolic ﬁtness advantages compared
with single cells (51). Increased ﬁtness of multicellular species
could have led to a higher frequency and wider distribution of
cyanobacteria at the end of the Archean, consequently enhancing
oxygen production. Accumulation of oxygen may have resulted
in new ecological opportunities. Increased diversiﬁcation rates
around the time when multicellularity evolved suggest that cya-
nobacteria might have used, and possibly contributed to create,
new adaptive opportunities. Subsequently, at the end of the
GOE, three clades (E1, E2, and AC) evolved that led to the
majority of cyanobacteria living today.
Early Earth History and the Fossil Record. Our ﬁnding that cyano-
bacteria have existed for a longer time than previously anticipated
is congruent with reconstructions of early Earth history. The
origin of Earth is deduced to date back ∼4.5 Bya (52). Sub-
sequently, the planet cooled down and eventually separated into
core, mantle, and crust (53). Permanent existence of life before
4.2–3.8 Bya is unlikely, considering that the young Earth was
subject to strong bombardment by asteroids (52, 54). Fossil ev-
idence does not predate ∼3.45 Bya (55, 56). Most of these pro-
karyotic fossils from the early Archean Eon have been identiﬁed
in two regions: the Barberton Greenstone Belt (BGB), South
Africa (around 3.20–3.50 billion y old), and the Pilbara Craton
(PC), Western Australia (around 2.90–3.60 billion y old) (55–60).
The oldest fossils from these regions are spherical, probably
hyperthermophilic microbes [BGB (56, 59)] and ﬁlaments of
possibly anoxygenic photosynthetic prokaryotes [East-PC (55,
56)], both around 3.45 billion y old. Further evidence for life
includes 3.4 billion-y-old trace fossils (PC) (60), 3.42 billion-y-old
deformed microbial mats (BGB) (57), and 3.0 billion-y-old bio-
ﬁlms (PC) (58). The earliest unequivocal cyanobacterial fossils
date back around 2.0 Bya and come from two localities, the
Gunﬂint iron formation and the Belcher Subgroup (both in
Canada) (19, 20). Although differences in the microbial fossil
composition have been recognized (19), both cherts include ﬁl-
amentous and coccoidal species. Gunﬂintia grandis and Gun-
ﬂintia minuta have been identiﬁed as ﬁlamentous cyanobacterial
fossils from the Gunﬂint iron formation, and Halythrix sp. has
been described as an oscillatorian fossil from the Belcher sub-
group (7) (Fig. 1). Cyanobacterial fossils younger than 2 billion y
are more widely distributed (20), with various examples given in
Fig. 1. Archean fossil ﬁndings may potentially depict remains of
cyanobacteria but cannot be assigned beyond doubt (20). “Pos-
sible” cyanobacterial fossils have been found in 2.52–2.55 billion-
y-old cherts in South Africa (20, 61). “Probable” unicellular and
ﬁlamentous cyanobacterial fossils are distributed in 2.6 billion-
y-old (20, 62–64) and 3.26 billion-y-old (64) cherts. Although pre-
viously described biomarkers that supported an existence of cya-
nobacteria around 2.7 Bya (65, 66) have been dismissed (67), recent
evidence has been found in favor of an early cyanobacterial origin
Fig. 3. Prior and posterior probability distributions of ages for node 3. Marginal
prior probability distributions of analyses using narrow (analysis 5) and wide
(analysis 6) prior distributions were conservatively biased toward younger ages,
strongly favoring an origin of multicellularity after the GOE. Even so, posterior
probabilities point to an origin of multicellularity before or at the beginning of
the GOE, indicating that this main result is based on a strong signal in the data
rather than a bias from a-priori assumptions. Marginal prior probability dis-
tributions were estimated in analyses that only sampled from the prior.
1794 | www.pnas.org/cgi/doi/10.1073/pnas.1209927110 Schirrmeister et al.
(68–70). Our molecular dating results place the origin of both
unicellular and multicellular cyanobacteria rather before the
GOE, and thus suggest that some of those fossils could indeed
represent relatives of cyanobacterial lineages.
Recent studies have suggested that oxygen accumulation oc-
curred ∼200–300 million y before the GOE (68, 69, 71). Current
evidence from the fossil record, geochemical ﬁndings, and our
molecular analyses, together support an origin of cyanobacteria
clearly before the GOE. The origin of multicellularity toward the
GOE could have entailed ﬁtness advantages leading to an in-
crease in cyanobacterial diversity and abundance, which in turn
would positively inﬂuence net oxygen production.
Conclusion
Cyanobacteria are one of the morphologically most diverse
prokaryotic phyla on this planet. It is widely accepted that they
caused the GOE starting 2.45 Bya, but debates about their origin
are still ongoing (67, 72, 73). Various lines of fossil and geochemical
evidence have accumulated, supporting an origin of cyanobacteria
before 2.45 Bya (20, 62, 64, 68–70). Here, we applied Bayesian
phylogenetic analyses using relaxed molecular clocks and different
combinations of calibration priors. We estimated the origin of extant
cyanobacteria and their dominant morphotypes with respect to the
GOE. Although resulting age estimates of the different analyses
differ somewhat in their HPD, robust statements regarding the or-
igin of cyanobacteria and their morphotypes can nevertheless be
formulated: (i) cyanobacteria originated before the GOE, (ii) mul-
ticellularity coincides with the beginning of the rise of oxygen, and
(iii) three clades representing the majority of extant cyanobacteria
evolved shortly after the accumulation of atmospheric oxygen.
Materials and Methods
Taxon Sampling. Most sequences were downloaded from GenBank (74) (Table
S3). Three eubacterial species were chosen as an outgroup: Beggiatoa sp.,
Chlamydia trachomatis, and Spirochaeta thermophila. A total of 58 cyano-
bacterial species were chosen for the analyses. Aside from strain G40 (SI Text) all
taxa were selected as described previously (5). The taxa chosen comprise all
morphological subsections described by Castenholz (1) and cover the morpho-
logical and genetic diversity of this phylum (5). Nomenclature and identity stated
on GenBank might be incorrect. Therefore, we evaluated morphotypes (multi-
cellular/unicellular) of each cyanobacterial strain by thoroughly examining the
literature (Table S5) and conducting BLAST analyses, as described in SI Text.
For most of those situations, full genome data are not yet available (17).
Alignment and Divergence Time Estimation. Sequence alignments were con-
structed using the program MUSCLE (Dataset S1) (75). Analyses were per-
formed on datasets with outgroups [(i) 61 taxa, 1,090 sites, gaps excluded;
507 sites variable] and without outgroups [(ii) 58 taxa, 1,077 sites, gaps ex-
cluded; 421 sites variable]. Uncorrected and corrected Akaike Information
Criterion (76, 77), implemented in jModelTest v0.1.1 (78), suggested a gen-
eral time-reversible substitution model with γ-distributed rate variation
among sites (GTR+G) (79) as the most suitable model of sequence evolution.
Phylogenetic analyses using Bayesian inference were conducted as described
in SI Text. We applied relaxed clocks with UCLN and UCED rate distributions
(Table 1 and Table S1) (80). The analyses were conducted with a combination
of three calibration points. Additionally, monophyly constraints were set for
three nodes that were supported by our previous Bayesian phylogenetic
analyses (Fig. S1 and SI Text): (i) the phylum cyanobacteria, (ii) cyanobac-
teria, excluding Gloeobacter, and (iii) cyanobacteria excluding Synecho-
coccus sp. P1 and Gloeobacter (Fig. 1). The phylum cyanobacterian (i) has
been extensively investigated and conﬁrmed before [i.e., cyanobacteria as a
monophyletic group within the Eubacteria (5)]. For cyanobacteria, excluding
Gloeobacter (ii), an early divergence of Gloeobacter has been supported in
previous analyses (5, 17, 24). Unlike other cyanobacteria, G. violaceus lacks
thylacoid membranes (81), and various differences in gene content com-
pared with cyanobacteria have been found (82). For cyanobacteria excluding
Synechococcus sp. P1 and Gloeobacter (iii), Synechococcus sp. P1 is a ther-
mophilic unicellular cyanobacterium isolated from Octopus Spring in Yel-
lowstone nationalpark (83). Its proximity to Gloeobacter and eubacterial
outgroups has been shown by genetic comparisons and phylogenetic analyses
(5, 17, 24). Divergence time estimation was conducted using the software
BEAST v1.6.2 (80) and run on the CIPRES Science Gateway v.3.1 (84). For each
analysis, we ran six Markov chain Monte Carlo chains for 50-million generations,
sampling every 2,000th generation (input ﬁles provided as Dataset S2). Although
convergence of all parameters was reached before 5 million generations, we
excluded a conservative 25% initial burn-in. Results are presented on a 50%
majority-rule consensus tree calculated with SumTrees v3.3.1 (85).
Calibration Points. The root: Stem lineage of cyanobacteria. Four of the eight
divergence time analyses included an outgroup (Table 1: analyses 3, 4, 5, 6),
which enabled calibrating the cyanobacterial stem lineage. The GOE dates
back 2.32–2.45 billion y (9), and is assumed to be a result of cyanobacterial
activity. We use the start of the GOE as the minimum date for the di-
vergence of cyanobacterial stem lineage and the outgroup. The possibility of
permanently existing lifeforms is suggested to occur earliest around 3.8 Bya
(52), which we used as earliest date (i.e., maximum age) of our root cali-
bration. See Table 1 for a detailed description of prior age probability dis-
tributions. For analyses 7 and 8, the age of the earliest split of cyanobacteria,
namely between Gloeobacter and the rest of cyanobacteria, was accordingly
restricted to 3.8–2.45 Bya.
Node 3: First multicellular cyanobacteria. Node 3 in Fig. 1 was estimated to be a
multicellular ancestor of extant cyanobacteria, as recovered previously (5).
Fossil records indicate that terminally differentiated cyanobacteria (subsections
IV and V) evolved before 2.1 Bya. Such differentiation may only evolve in a
multicellular setting (44). We therefore assume that the stem lineage of node 3
must have been present before 2.1 Bya, and use this as a hard minimum bound
of a lognormal prior distribution. We used a soft upper bound, linking the
distribution of prior probabilities to the timing of the GOE. Multicellularity
may have evolved as a consequence of new habitats that became available
after the GOE, 2.3 Bya, or it could instead have triggered a rise of oxygen in
the atmosphere. Therefore, we distinguish two calibration scenarios, one by
setting the probability of the age of node 3 to a lognormal distribution with
95% being younger than 2.45 (Table 1: analyses 1, 3, 5), and the other by
setting the median age of the before 2.45 Bya (Table 1: analyses 2, 4, 6).
Node 31 or 32: First terminally differentiated cyanobacteria. Cyanobacteria be-
longing to subsection IV and V share the property to form resting cells named
akinetes. Fossilized remains of these akinetes have been identiﬁed at various
locations throughout the Proterozoic (6, 19, 86). The oldest of these fossilized
akinetes are found in 2.1 billion-y-old rocks (6, 13), and imply that cyanobacteria
belonging to subsection IV and V originated before 2.1 Bya. Taxa of this group
are capable of terminal cell differentiation. Oxygen sensitive nitrogen ﬁxation is
spatially separated from oxygenic photosynthesis and takes place in so called
heterocysts. Oxygen levels providing a selective advantage for separation of
these processes were reached∼2.45 Bya (13). As a calibration for the divergence
time estimation, we set the most recent common ancestor of taxa from sub-
sections IV and V to 2.1 billion y as a hard minimum bound, and speciﬁed 95%
of prior probabilities before 2.45 Bya, using a lognormal distribution.
Shifts in Diversiﬁcation Rates. To test whether the rate of lineage accumulation
has been constant throughout cyanobacterial evolution, we used the function
MEDUSA from the geiger 1.3-1 package in R (87).We corrected for possible taxon
sampling biases by including information on known numbers of extant species
and strains, which were collected from GenBank. Details are given in SI Text and
Table S3. MEDUSA was run based on 50% majority-rule consensus trees calcu-
lated with SumTrees v3.3.1 (85), derived from the eight BEAST analyses (Table 1).
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SI Text
Taxon Sampling. Strain “G40” (deposited in GenBank) is a yet-
uncharacterized, terminally differentiated, multicellular isolate
from the North Sea. Its closest relative based on 16S rRNA se-
quences is Nodularia. Strain G40 was isolated from ponds at the
shore of northwestern Ameland, The Netherlands. The strain
was then cultivated in ASN III seawater medium and kept at 15 °C
in an environmental chamber at a constant day/night cycle of 6 h
darkness and 18 h light.
Phylogenetic Analyses. Phylogenetic relationships were estimated
using MrBayes v.3.1.2 (1). We used two Markov chain Monte
Carlo runs, each calculating six Metropolis-coupled chains for
100 million generations sampling every 2,000th generation. De-
fault priors were adequate and left unchanged, but the temper-
ature parameter was adjusted to 0.1 to ensure proper mixing.
Convergence between runs was achieved, as the potential scale
reduction factor had approached 1.00 and average SDs of split
frequencies was <0.01. Mixing and convergence of all parame-
ters was further assessed using the software Tracer v1.5 (2). We
combined runs after discarding the ﬁrst 25% of samples as a
conservative burn-in, including only samples from the stationary
phase. Effective sample sizes were large (>3,000) for the likeli-
hood samples and all estimated parameters, supporting a well-
mixed analysis. The Bayesian 50% majority-rule consensus tree
is shown in Fig. S1.
Morphotype Assessment.To ensure morphological character states
(unicellular/multicellular) were assigned correctly for each cya-
nobacterial taxon used in this study, we carefully examined
original publications describing the morphology of each strain.
Furthermore, we conducted BLAST analyses (3) for each se-
quence to reassure its identity. In cases where the publication
containing the original description of a strain was not available,
we examined the closest 16S rRNA relative (identiﬁed from the
BLAST results, ≥95% maximum identity) for which a publica-
tion was available. For each strain, additional information found
in the literature (4–44) is listed in Table S5. Furthermore, a close
BLAST result is given for each taxon including percentage of its
maximum identity (Table S5).
Shifts in Diversiﬁcation Rates. The function MEDUSA from the
geiger 1.3-1 package in R (45) uses maximum likelihood to es-
timate a birth-death model of diversiﬁcation that includes the
optimal number of rate shifts, but penalizes for excess parameters
based on Akaike Information Criterion (AIC) scores. Phyloge-
netic positions of unsampled species and strains in the cyano-
bacterial phylum were estimated with help of a phylogenetic tree
of 1,220 taxa compiled in a previous study (46). Subsequently,
numbers of unsampled species and strains were assigned to taxa
sampled for the dating analyses of this study (Table S3). In-
ferences based on maximum clade credibility trees gave qual-
itatively similar results.
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Fig. S1. Bayesian 50% majority-rule consensus phylogram, based on MrBayes analysis. Posterior probabilities shown at nodes when >0.90. Unicellular cya-
nobacteria belonging to sections I and II are marked by yellow and orange, whereas multicellular cyanobacteria from sections III, IV, and V are marked by
green, blue, and purple, respectively. Gloeobacter violaceus groups closest to the eubacterial outgroup.
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Fig. S2. Bayesian consensus tree of BEAST analysis 7. Posterior probabilities and node numbers are presented at nodes. Gray nodes were not recovered by all
analyses.
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Fig. S3. Clade-speciﬁc diversiﬁcation rates using species numbers (uncorrelated lognormal, UCLN). Results of MEDUSA analyses indicating diversiﬁcation rate
shifts for the different consensus trees from the Bayesian analyses assuming uncorrelated lognormally distributed evolutionary rates.
Schirrmeister et al. www.pnas.org/cgi/content/short/1209927110 4 of 15
Fig. S4. Clade-speciﬁc diversiﬁcation rates using strain numbers (UCLN). Results of MEDUSA analyses indicating diversiﬁcation rate shifts for the different
consensus trees from the Bayesian analyses assuming UCLN distributed evolutionary rates.
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Fig. S5. Clade-speciﬁc diversiﬁcation rates using species numbers (uncorrelated exponentially distributed, UCED). Results of MEDUSA analyses indicating
diversiﬁcation rate shifts for the different consensus trees from the Bayesian analyses assuming UCED evolutionary rates.
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Fig. S6. Clade-speciﬁc diversiﬁcation rates using strain numbers (UCED). Results of MEDUSA analyses indicating diversiﬁcation rate shifts for the different
consensus trees from the Bayesian analyses assuming UCED evolutionary rates.
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Table S3. Names of taxa and corresponding numbers of species and strains to which they can be assigned in the
cyanobacterial phylum
Taxa No. species No. strains GenBank accession
Acaryochloris sp. JJ8A6* (4) 5 14 AM710387
Synechococcus lividus C1† (5) AF132772
Thermosynechococcus elongatus BP-1† (6) BA000039
Anabaena sp. PCC 7108 (7) 28 459 AJ133162
Arthronema gygaxiana UTCC 393 (8) 5 57 AF218370
Pseudanabaena sp. PCC 7304† (9) AB039019
Pseudanabaena sp. PCC 6802† (9) AB039016
“Phormidium mucicola” IAM M-221† (10) AB003165
Arthrospira platensis PCC 8005 (11) 9 42 X70769
Lyngbya aestuarii PCC 7419† (12) AB075989
Synechococcus sp. CC9605 (13) 13 567 AY172802
Synechococcus sp. WH8101† (14) AF001480
Prochlorococcus sp. MIT 9313† (15) AF053399
Cyanobium sp. JJ23-1*,† (16) AM710371
Synechococcus elongatus PCC 6301† (17) AP008231
Prochlorothrix hollandica† (18) AJ007907
Calothrix sp. PCC 7103 (19) 6 226 AM230700
Chamaesiphon subglobosus PCC 7430 (20) 1 2 AY170472
Chlorogloeopsis sp. PCC 7518 (21) 18 136 X68780
Fischerella muscicola PCC 7414† (12) AB075986
Chroococcidiopsis sp. CC2 (22) 3 51 DQ914864
Chroococcus sp. JJCM* (4) 10 325 AM710384
Microcystis aeruginosa strain 038*† (23) DQ363254
Crinalium magnum SAG 34.87† (24) 2 2 AB115965
Starria zimbabweensis SAG 74.90† (20) AB115962
Cyanothece sp. PCC 8801 (25) 4 22 AF296873
Dactylococcopsis salina PCC 8305 (26) 4 34 AJ000711
Dermocarpa sp. MBIC10768 (9) 8 41 AB058287
Myxosarcina sp. PCC 7312† (27) AJ344561
Myxosarcina sp. PCC 7325† (27) AJ344562
Pleurocapsa sp. CALU 1126*† (27) DQ293994
Pleurocapsa sp. PCC 7516† (28) X78681
Dermocarpella “incrassata” SAG 29.84† (27) AJ344559
Filamentous thermophilic cyanobacterium tBTRCCn 301 (29, 30) 6 17 DQ471441
Synechococcus sp. C9† (5) AF132773
Cyanobacterium G40 (present study) 17 247 JX069960
Nodularia “sphaerocarpa” PCC 7804† (31) AJ133181
Geitlerinema sp. BBD HS217 (32) 8 97 EF110974
Gloeobacter violaceus PCC 7421 (33) 1 1 BA000045
Gloeothece sp. PCC 6909 (34) 3 13 HE975018
Halospirulina tapeticola CCC Baja-95 Cl.2 (35) 2 6 NR_026510
Leptolyngbya sp. ANT.L52.1 (36) 6 332 AY493584
“Planktothrix” sp. FP1† (37) AF212922
“Plectonema” sp. F3† (36) AF091110
Microcoleus chthonoplastes PCC 7420 (38) 19 434 AM709630
Symploca sp. PCC 8002† (9) AB039021
Nostoc sp. PCC 7120 (39) 25 649 X59559
Oscillatoria sancta PCC 7515 (5) 30 129 AF132933
Trichodesmium erythraeum IMS 101† (40) AB075999
“Oscillatoria” sp. IW19 (41) 20 147 AJ133106
Prochloron sp. (42) 4 6 X63141
Synechocystis sp. PCC 6308† (43) AB039001
Radiocystis sp. JJ30-3* (44) 2 2 AM710389
Synechocystis sp. PCC 6803 (44) 4 51 NC_000911
Scytonema sp. U-3–3* (38) 4 45 AY069954
Spirulina sp. PCC 6313 (38) 6 29 X75045
Symphyonema sp. strain 1517 (45) 7 9 AJ544084
Synechococcus sp. P1 (5) 1 2 AF132774
Phylogenetic positions of taxa and the amount of species/strains they represent were estimated with help of a phylogenetic tree
comprising 1,220 cyanobacterial taxa presented in the study by Schirrmeister et al. (46).
*Citation for a close relative identiﬁed by BLAST search.
†Clades that have been pruned for the diversiﬁcation rate analyses. Taxa with their names in quotes have likely been misidentiﬁed in
the original publication considering their BLAST results.
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Table S4. Estimated clade-speciﬁc diversiﬁcation rates based on trees from eight phylogenetic analyses
Analysis
Species Strains
Clade r e AICc Clade r e AICc
UCLN distributed rates of evolution
Root 0.17 4.73E-8 Root 0.28 7.79E-7
1 Node 3 1.63 9.07E-9 206.6 Node 3 2.39 0.8 357.7
Node 33 1.37 0.93 Node 34 1.08 1.00
Root 0.38 1.14E-8 Root 0.23 3.80E-7 371.2
2 Node 4 1.43 2.31E-9 218.4 Node 3 1.91 0.83
Node 33 0.99 0.95 Node 34 0.78 1.00
Root 0.17 4.67E-7 Root 0.28 1.07E-6 365.4
3 Node 3 1.63 2.29E-7 212.6 Node 3 1.99 8.86E-001
Node 33 0.9 0.97 Node 34 1.06 1.00
Root 0.15 5.03E-7 Root 0.25 1.79E-7 366.8
4 Node 3 1.53 1.61E-7 216.4 Node 3 1.9 0.89
Node 33 0.7 0.97 Node 34 0.94 1.00
Root 0.17 1.42E-7 Root 0.29 5.40E-7 368.1
5 Node 3 1.68 3.22E-8 213.5 Node 3 1.88 0.9
Node 33 0.86 0.97 Node 34 1.06 1.00
Root 0.16 1.24E-6 Root 0.27 3.49E-7 367.9
6 Node 3 1.67 4.09E-7 212.4 Node 3 1.97 0.9
Node 33 0.81 0.97 Node 34 1.01 1.00
7 Root 0.17 3.90E-10 Root 0.28 3.90E-7 357.8
Node 3 1.63 2.45E-7 206.7 Node 3 2.39 0.8
Node 33 1.38 0.93 Node 34 1.07 1.00
Root 0.15 4.42E-7 Root 0.24 7.89E-7 370.0
8 Node 3 1.47 1.83E-7 216.3 Node 3 1.94 0.85
Node 33 0.74 0.97 Node 34 0.89 1.00
UCED rates of evolution
Root 0.48 3.66E-7 Root 0.28 9.96E-7 371.3
1 Node 4 1.94 2.88E-2 211.9 Node 3 1.66 0.96
Node 33 1 0.97 Node 34 0.29 1.00
Root 0.39 1.02E-8 Root 0.23 1.96E-8 377.7
2 Node 4 1.67 7.07E-2 222.6 Node 3 1.36 0.96
Node 33 0.64 0.98 Node 34 0.18 1.00
Root 0.5 1.76E-8 Root 0.3 9.02E-7 367.1
3 Node 4 1.92 0.18 210.9 Node 3 1.6 0.97
Node 33 0.93 0.98 Node 34 0.17 1.00
Root 0.45 21.78E-8 Root 0.26 4.94E-7 372.8
4 Node 4 1.58 0.36 247.7 Node 3 1.28 0.97
node 33 0.07 0.99 Node 34 0.1 1.00
Root 0.49 1.92E-7 Root 0.3 1.61E-6 369
5 Node 4 2.02 0.12 209.2 Node 3 1.72 0.96
Node 33 1.02 0.97 Node 34 0.23 1.00
Root 0.46 3.67E-7 Root 0.27 8.87E-7 380.4
6 Node 4 1.58 5.64E-2 220.0 Node 3 1.26 0.97
Node 33 1.12E-5 1.0 Node 34 0.02 1.00
Root 0.48 1.07E-8 Root 0.29 1.78E-8 371.6
7 Node 4 1.95 1.07E-5 211.9 Node 3 1.67 0.96
Node 33 0.91 0.97 Node 34 0.19 1.00
Root 0.42 2.49E-7 Root 0.25 6.46E-7 381.5
8 Node 4 1.58 0.25 221.6 Node 3 1.29 0.97
Node 33 0.24 0.98 Node 34 0.24 1.00
Only nodes where shifts of diversiﬁcation rates have occurred are presented. In 31 of 32 trees two rate shifts were detected. In 23 trees the ﬁrst shift is
estimated to occur at node 3. In the remaining nine trees, the ﬁrst shift is estimated to occur at node 4. The second shift occurs in 16 trees at node 33 and in 16
trees at node 34. r, speciation rates; e, extinction rates.
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Table S5. Additional information for each taxon (or close 16S rRNA relatives) that have been used in this study, as found in the literature
Taxon Notes
Acaryochloris sp. JJ8A6* BLAST result: Aphanocapsa muscicola 5N-04 (97%) is a unicellular cyanobacterium isolated
from monumental fountains in Florence (Italy) (4).
Anabaena sp. PCC 7108 Strain PCC 7108 is a nontoxic, ﬁlamentous cyanobacterium capable of forming heterocysts,
isolated from intertidal zone (United States) (7). BLAST result: Anabaena sp. KVSF7 (98%)
Arthronema gygaxiana UTCC 393 Strain UTCC 393 is ﬁlamentous, isolated from lake of Bays Twnsp., Ontario (Canada) (8).
BLAST result: Pseudanabaena sp. 1tu24s9 (98%)
Arthrospira platensis PCC 8005 Strain PCC 8005 is a ﬁlamentous cyanobacteria not forming heterocysts, usually found in
alkaline lakes (11). BLAST result: Spirulina maxima UTEX “LB 2342” (99%)
Calothrix sp. PCC 7103 Strain PCC 7103 is a ﬁlamentous cyanobacterium able to form heterocysts (basal end) and
akinetes (19). BLAST result: Calothrix desertica PCC 7102 (99%)
Chamaesiphon subglobosus PCC 7430 Strain PCC 7430 has been described as unicellular cyanobacterium that reproduces by
successive unequal binary ﬁssion and occurs in freshwater (20). BLAST result:
Chamaesiphon minutus (98%)
Chlorogloeopsis sp. PCC 7518 Strain PCC 7518 is a multicellular, thermophilic cyanobacterium that lacks branching
patterns. Additionally, strain PCC 7518 has lost the ability to form heterocysts (21).
BLAST result: Chlorogloeopsis sp. Greenland_2 (99%)
Chroococcidiopsis sp. CC2 Strain CC2 is a hypolithic cyanobacterium isolated from enrichment cultures, which
have been originally sampled from hyperarid deserts in China (22). BLAST result:
Chroococcidiopsis sp. CC3 (99%)
Chroococcus sp. JJCM* BLAST result: Chroococcus sp. 2T05h (97%) is a unicellular bacterium isolated from
fountains in Italy and Spain (4).
Crinalium magnum SAG 34.87* BLAST result: Crinalium epipsammum SAG 22.89 (100%) is a ﬁlamentous cyanobacterium
with elliptical trichomes (24)
Cyanobacterium G40 (present study) Strain G40 is a marine, ﬁlamentous cyanobacterium with cell differentiation; isolated
from North sea (The Netherlands). BLAST result: Nodularia spumigena (95%)
Cyanobium sp. JJ23-1* BLAST result: Synechococcus sp. BO 8805 (99%) is a unicellular, phycocyanin rich isolate
from Lake Constance (16)
Cyanothece sp. PCC 8801 Strain PCC 8801 is a unicellular, nitrogen-ﬁxing cyanobacterium without sheath, originally
named “Synechococcus” RF-1 (25). BLAST result: Cyanothece sp. PCC 8802 (99%)
Dactylococcopsis salina PCC 8305 Strain PCC 8305 is a unicellular, halophil cyanobacterium with fusiform, often elongated
cells growing (26). BLAST result: Cyanothece sp. 104 (99%)
Dermocarpa sp. MBIC10768 BLAST result: Stanieria PCC 7301 (98%) is a unicellular cyanobacterium able to form
baeocysts (9)
Dermocarpella “incrassata” SAG 29.84 Strain SAG 29.84 (PCC 7326) is a unicellular marine cyanobacterium isolated from snail shell,
Puerto Penasco (Mexico) and the only axenic representative (27). BLAST result:
Myxosarcina sp. PCC 7312 (96%)
Filamentous thermophilic cyanobacterium
tBTRCCn 301
Cyanobacterium tBTRCCn 301 is a ﬁlamentous cyanobacterium of unknown afﬁliation
isolated from thermal springs close to the dead sea (Jordan) (29, 30). BLAST result:
Synechococcus sp. C9 (92%)
Fischerella muscicola PCC 7414 Strain PCC 7414 is a ﬁlamentous, heterocystous cyanobacterium with uniserate branches
composed of longer cells (12, 20). BLAST result: Fischerella muscicola (99%)
Geitlerinema sp. BBD HS217 Strain BBD HS217 is a gliding, ﬁlamentous, nonheterocystous cyanobacteria (32). Trichomes
of Geitlerinema are generally described as straight or slightly sinuous (20). BLAST result:
Geitlerinema sp. BBD_P2b-1 (99%)
Gloeobacter violaceus PCC 7421 Strain PCC 7421 is a rod-shaped, unicellular cyanobacterium lacking thylacoid membranes,
isolated from calcareous rock, Switzerland (33). BLAST result: Gloeobacter violaceus
VP3-01 (99%)
Gloeothece sp. PCC 6909 Strain PCC 6909 is a unicellular, rod-shaped cyanobacterium capable of nitrogen ﬁxation,
isolated from freshwater (20). BLAST result: Gloeothece membranacea (99%)
Halospirulina tapeticola CCC Baja-95 Cl.2 Strain CCC Baja-95 Cl.2 is a highly halotolerant, ﬁlamentous cyanobacterium with helically
coiled trichomes (35). BLAST result: Halospirulina sp. CCC Baja-95 Cl.3 (99%)
Leptolyngbya sp. ANT.L52.1 Strain ANT.L52.1 is a ﬁlamentous cyanobacterium with sheath (36). BLAST result:
Phormidium priestleyi ANT.LPR2.6 (98%)
Lyngbya aestuarii PCC 7419 Strain PCC 7419 is a ﬁlamentous cyanobacterium without cell differentiation that is capable
of nitrogen ﬁxation (12). BLAST result: Lyngbya aestuarii (99%)
Microcoleus chthonoplastes PCC 7420 Strain PCC 7420 is a ﬁlamentous, nonheterocystous cyanobacterium collected from salt
marsh at Woods Hole, MA. Trichomes often parallel surrounded by common homogenous
sheath (20, 38). BLAST result: Microcoleus chthonoplastes NCR (99%)
Microcystis aeruginosa strain 038* BLAST result: Microcystis aeruginosa VN441 (99%) is a unicellular, coccoid cyanobacterium,
which produces mycrocystin, isolated from ponds in Vietnam (23).
Myxosarcina sp. PCC 7312 Strain PCC 7312 is a unicellular cyanobacterium, morphologically indistinguishable from
Chroococcidiopsis. Isolated from a snail shell, Puerto Penasco, Mexico (27). BLAST result:
Pleurocapsa sp. PCC 7314 (99%)
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Table S5. Cont.
Taxon Notes
Myxosarcina sp. PCC 7325 Description of PCC 7325 is the same as for Myxosarcina sp. PCC 7312 (27). BLAST result:
Myxosarcina sp. PCC 7312 (96%)
Nodularia “sphaerocarpa” PCC 7804 Strain PCC 7804 is a toxic, ﬁlamentous, heterocystous strain isolated from thermal
spring (southern France) (20, 31). BLAST result: Nodularia sphaerocarpa BECID
36 (99%)
Nostoc sp. PCC 7120 Strain PCC 7120 is a ﬁlamentous cyanobacterium capable of forming heterocysts (39).
BLAST result: Anabaena sp. CCAP 1403/4A (98%)
Oscillatoria sancta PCC 7515 Strain PCC 7515 is a ﬁlamentous, nonheterocystous cyanobacterium isolated from a
greenhouse water tank, Stockholm, Sweden. Capable of aerobic nitrogen ﬁxation
(5, 20). BLAST result: Oscillatoria sancta (99%)
“Oscillatoria” sp. IW19 Strain IW19 is a ﬁlamentous isolate from Lake Loosdrecht. Originally, termed
“Oscillatoria limnetica-like” (41). BLAST result: Leptolyngbya sp. 0BB30S02 (97%)
“Phormidium mucicola” IAM M-221 Strain M-221 is a ﬁlamentous, nonheterocystous cyanobacterium (10). BLAST result:
Pseudanabaena PCC7403 (99%)
“Planktothrix” sp. FP1 Strain FP1 is a ﬁlamentous, nonheterocystous cyanobacterium, isolated from Lake
Varese, Italy (37). BLAST result: Limnothrix redekei 2LT25S01 (99%)
“Plectonema” sp. F3 Strain F3 is a ﬁlamentous cyanobacterium with false branching. It is a marine,
nonpolar cyanobacterial strain (36). BLAST result: Leptolyngbya sp. ANT.L52.1 (97%)
Pleurocapsa sp. CALU 1126* BLAST result: Pleurocapsa minor SAG 4.99 (98%) is a unicellular, hypolithic
cyanobacterium isolated from a quartz pebble, Namib desert, Namibia (27)
Pleurocapsa sp. PCC 7516 Strain PCC 7516 is a unicellular, marine cyanobacterium isolated from a rock chip,
Marseille, France (20, 28). BLAST result: Myxosarcina sp. PCC 7312 (97%)
Prochlorococcus sp. MIT9313 Strain MIT9313 is a low-light adapted, unicellular cyanobacterium isolated from Gulf
Stream water samples (15). BLAST result: Prochlorococcus sp. MIT9303 (99%)
Prochloron sp. Prochloron sp. is a unicellular, spherical shaped symbiont of marine ascidians lacking
Phycobilisomes (42). BLAST result: Cyanothece sp. PCC 8802 (93%)
Prochlorothrix hollandica This is a ﬁlamentous cyanobacterium isolated from Lake Loosdrecht, Netherlands (18).
BLAST result: Prochlorothrix hollandica SAG 10.89 (99%)
Pseudanabaena sp. PCC 7304 Strain PCC 7304 is a ﬁlamentous cyanobacterium belonging to the Pseudanabaena
cluster (9). BLAST result: Phormidium mucicola AM M-221 (99%)
Pseudanabaena sp. PCC 6802 Strain PCC 6802 is a ﬁlamentous cyanobacterium belonging to the Pseudanabaena
cluster (9). BLAST result: Pseudanabaena sp. 1a-03 (95%)
Radiocystis sp. JJ30-3* BLAST result: Synechocystis sp. PCC 6803 (100%) is a unicellular cyanobacterium isolated
from freshwater, California (20, 43)
Scytonema sp. U-3-3* BLAST result: Scytonema hofmanni PCC 7110 (95%) is a ﬁlamentous heterocystous
cyanobacterium with sheath, isolated from limestone, Crystal Cave, Bermuda (38)
Spirulina sp. PCC 6313 Strain PCC 6313 was isolated from brackish water, California. It is a ﬁlamentous, loosely
coiled cyanobacterium (20, 38). BLAST result: Spirulina major 0BB36S18 (99%)
Starria zimbabweensis SAG 74.90 Starria is a nonbranching, ﬁlamentous cyanobacterium with triradiate trichomes (20).
BLAST result: Crinalium magnum SAG 34.87 (97%)
Symphyonema sp. 1517 Strain 1517 is a ﬁlamentous, heterocystous cyanobacterium showing mainly Y-branching,
isolated from Soil, Papua New Guinea (44). BLAST result: Symphyonema sp.
1269–1(100%)
Symploca sp. PCC 8002 Strain PCC 8002 is a ﬁlamentous, nonheterocystous cyanobacterium isolated from high
intertidal zones, North Wales (9, 20). BLAST result: Symploca sp. HBC5 (97%)
Synechococcus lividus C1 Strain C1 is a thermophilic, unicellular cyanobacterium, a part of the
“unicellular-thermophilic” (UNIT) sequence group (5). BLAST result: Synechococcus sp.
Strain PCC 6717 (99%)
Synechococcus sp. WH8101 Strain WH8101 is a unicellular, facultatively marine cyanobacterial strain that lacks
phycoerythrin (14). BLAST result: Synechococcus sp. RS9909 (99%)
Synechococcus sp. CC9605 Strain CC9605 is a marine, unicellular cyanobacterium isolated from California current
(13). BLAST result: Synechococcus sp. WH 8109 (99%)
Synechococcus sp. C9 Strain C9 is a unicellular cyanobacterium, part of the Gloeobacter (GBACT) group
estimated to be close to the root of cyanobacteria (5). BLAST result: Candidatus
Gloeomargarita lithophora D10 (98%)
Synechococcus elongatus PCC 6301 Strain PCC 6301 is a unicellular, rod-shaped cyanobacterium that occurs in freshwater
(17). BLAST result: Synechococcus elongatus PCC 7942 (100%)
Synechocystis sp. PCC 6803 Strain PCC 6803 is a unicellular cyanobacterium isolated from freshwater, California
(20, 43). BLAST result: Synechocystis sp. PCC 6714 (100%)
Synechococcus sp. P1 Strain P1 is a unicellular cyanobacterium, part of the Gloeobacter (GBACT) group which
has been estimated to be close to the root of the cyanobacterial line (5). BLAST result:
Synechococcus sp. P2 (100%)
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Dataset S1. Sequence alignment used for the phylogenetic-tree reconstruction
Dataset S1
Dataset S2. XML input ﬁles for the different analyses using a relaxed clock with lognormally distributed evolutionary rates
Dataset S2
Table S5. Cont.
Taxon Notes
Synechocystis sp. PCC 6308 Strain PCC 6308 is a unicellular cyanobacterium isolated from lake water, WI (20). BLAST
result: Synechocystis sp. VNM-13–10 (98%)
Thermosynechococcus elongatus BP-1 Strain BP-1 is a thermophilic, rod-shaped, unicellular cyanobacterium originally isolated
from a hot spring in Beppu (Japan) (6). BLAST result: Synechococcus elongatus (100%)
Trichodesmium erythraeum IMS 101 Strain IMS101 is a marine, ﬁlamentous cyanobacterium capable of aerobic nitrogen
ﬁxation without heterocyst formation (40). BLAST result: Trichodesmium sp. (99%)
For each taxon a BLAST result is shown with the maximum identity given in brackets. Taxa with their names in quotes have likely been misidentiﬁed in the
original publication considering their BLAST results.
*Citation for a close relative identiﬁed by BLAST search.
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